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INTRODUCTION
The plasma concentration of apolipoprotein (apo) C-III is a strong predictor of the risk of coronary heart disease (CHD) (1, 2) . Apo C-III impairs the clearance of apo B lipoproteins from plasma, which results in an increase in plasma triacylglycerol concentrations (3) (4) (5) (6) (7) and directly activates atherosclerotic and inflammatory pathways in vascular cells (8, 9) . Therefore, genetic variation affecting the expression of the APOC3 gene may alter apo C-III metabolism and influence CHD. Minor alleles of the 3238C→G (SstI site), -482C→T, and -455T→C polymorphisms are associated with higher plasma triacylglycerol (10-13) and apo C-III (14) concentrations and with an increased risk of CHD (13, (15) (16) (17) .
The association between genetic variation in the APOC3 gene and CHD risk has been linked to the action of insulin. Both the -482 and -455 sites are located in an insulin response element (IRE), and both minor alleles (-482T and -455C) are associated with higher in vitro transcription of the APOC3 gene in the presence of insulin in cultured hepatocytes (12) . In humans, one small study using liver biopsy samples found that the minor -482T allele, but not the -455C allele was associated with higher APOC3 mRNA expression (18) . Thus, it has been hypothesized that the minor alleles in the -482 and -455 sites cause the loss of insulin down-regulation of APOC3 expression, an increase in apo C-III synthesis, and an increase in plasma concentrations of apo C-III and atherogenic lipoprotein remnants containing apo C-III (12) . We hypothesize that the effect of APOC3 promoter polymorphisms on CHD is modified by conditions associated with insulin sensitivity, specifically abdominal obesity and fasting hyperglycemia. If insulin were indeed regulating APOC3 expression through the IRE of the APOC3 gene, the IRE would be highly responsive to insulin in persons with good insulin sensitivity, such as lean persons. However, in persons with insulin resistance, the IRE of the APOC3 gene would be unresponsive to insulin action because of suppression of upstream signal transduction pathways that regulate APOC3 expression (19) (20) (21) .
We examined whether the common APOC3*222 haplotype, defined by the minor alleles of the 3238C3G (SstI site), -482C→T, and -455T→C polymorphisms and which is associated with an increased risk of nonfatal MI (17) , interacts with abdominal obesity and fasting hyperglycemia to affect the risk of nonfatal MI in the Costa Rican population.
SUBJECTS AND METHODS

Study population
The study population was described previously (17) . Briefly, the case participants were adult patients who were survivors of a first acute MI as diagnosed by a cardiologist at any of the recruiting hospitals in the Central Valley of Costa Rica between 1994 and 2004. All cases met the World Health Organization criteria for MI, which requires typical symptoms plus either an elevation in cardiac enzyme concentrations or diagnostic changes in the electrocardiogram. For each case, one population-based control subject, matched for age (±5 y), sex, and area of residence (county), was recruited. The controls were randomly selected by using data from the National Census and Statistics Bureau of Costa Rica. Participation was 98% for cases and 88% for controls. All subjects gave informed consent on documents approved by the Human Subjects Committee of both the Harvard School of Public Health and the University of Costa Rica.
Trained personnel visited all study participants at their homes to collect data. All measurements were performed in duplicate, and the average was used for analyses. Biological specimens were collected from all subjects in the morning after an overnight fast. Plasma triacylglycerol was assayed by using enzymatic reagents (Boehringer-Mannheim Diagnostics, Indianapolis, IN). Blood glucose was analyzed by using an Accu-Check II Blood Glucose Monitor with Chemstrip bG Test Strips (Boehringer-Mannheim Diagnostics) as previously described (22) . Impaired fasting glucose was indicated by a fasting glucose concentration ≥110 mg/dL (23). This study includes 1703 case-control pairs with genotype information and complete data on all the descriptive variables and potential confounders. Apo C-III concentrations were measured in a subgroup of 300 controls, with known haplotypic phase, by a sandwich enzyme-linked immunosorbent assay (ELISA) using affinity-purified antibodies (Academy-Biomedical, Houston, TX). The intraassay CV for apo C-III measurements was 5%, and the interassay CV was 8%. Selection of these 300 controls was based on them having a known haplotypic phase for the wild-type APOC3*111 haplotype and the variant APOC3*222 haplotype. This group of controls included 131 persons homozygous and 68 persons heterozygous for the APOC3*111 haplotype and 20 persons homozygous and 81 persons heterozygous for the APOC3*222 haplotype.
GENETIC POLYMORPHIMS
We selected 3 single nucleotide polymorphisms in the APOC3 gene-3238C→G (rs5128), -455T→C (rs2854116), and -482C→T (rs2854117)-because they have been found to be associated with CHD risk (13, 15, 17) . In particular, the common APOC3*222 haplotype confers a higher risk of nonfatal MI in the Costa Rican population (17) .
Genotyping
Genotyping was carried out by using a variation of the allele specific assay (ASA). The entire procedure of single nucleotide polymorphism (SNP) genotyping consisted of 3 steps. In step 1, DNA fragments were obtained by using polymerase chain reaction primers designed according to each SNP's vicinity sequence. The reverse primers contained an artificially introduced sequence (derived from the bacteriophage M13 at the 5′-end) that was identical across all SNPs. In step 2, SNPs were genotyped by ASA in 3 different multiplex reactions, with allele-specific forward primers and a reverse primer the sequence of which is universal for all the SNPs. Universal primers were labeled at the 5′-end with 1 of 3 fluorescent dyes (FAM, HEX, and TET). In step 3, ASA products were separated by capillary electrophoresis with the ABI Prism 310 genetic analyzer (Applied Biosystems, Perkin-Elmer, Norwalk, CT) and were analyzed using the Genotyper software (Applied Biosystems Perkin-Elmer). To confirm the accuracy of genotyping, 10 DNA samples for each SNP were subjected to direct DNA sequencing of the polymerase chain reaction products. There was 100% agreement between the 2 procedures. Eight control samples were genotyped for each plate throughout the study to assess the genotyping reproducibility. Reproducibility was 99.9% and <1% of the control, and unknown samples had missing values. All samples, cases and controls, were double-blinded.
Statistical analysis
All data were analyzed with Statistical Analysis Systems software version 9 (SAS Institute Inc, Cary, NC). Differences in health characteristics and potential confounders between cases and controls were assessed by Wilcoxon's rank-sum tests for continuous variables and with chi-square tests for categorical variables. Allele frequencies were estimated by the gene-counting method, and an exact test was performed to identify departures from HardyWeinberg proportions. The PROC HAPLOTYPE in the SAS/Genetics Software was used to estimate maximum-likelihood haplotype relative frequencies.
Haplotypic odds ratios (ORs) were estimated by using an expectation substitution approach (24, 25) that estimated the probabilities of all possible haplotype configurations of each individual in the sample, based on their genotype and case-control status. Conditional models matched by sex, age (±5 y), and county of residence were used in all analyses. Models were adjusted in the analysis for waist and hip circumference (quintiles based on the distribution in controls), physical activity measured in metabolic equivalents (METS; quintiles based on the distribution in controls), income (quintiles based on the distribution in controls), smoking (never smoker, past smoker, or current smoker of <10 cigarettes/d, ≥10 to <20 cigarettes/d, or ≥20 cigarettes/d), alcohol consumption (never, past, and 3 tertiles of current drinkers), and history of hypertension (yes or no). We used likelihood ratio tests to assess the interaction between the APOC3*222 haplotype and obesity and between the APOC3*222 haplotype and fasting glucose on nonfatal MI risk.
RESULTS
The general characteristics of the study participants are shown in Table 1 . Compared with the controls, the cases had a lower income, lower physical activity, higher fasting triacylglycerol concentration, and higher prevalence of smoking, diabetes, and hypertension. The mean (±SD) apo C-III concentration measured in controls was 18.6 ± 7.2 mg/dL. The triple variant APOC3*222 haplotype was more frequent in cases than in controls (17.4% compared with 13.7%; P < 0.001). The OR for the risk of nonfatal MI for the APOC3*222 haplotype was 1.27 (95% CI: 1.09, 1.48).
The ORs for the risk of nonfatal MI for the APOC3*222 haplotype compared with the wildtype APOC3*111 haplotype within each quintile of waist circumference are shown in Figure 1A . The APOC3*222 haplotype was associated with risk of nonfatal MI in individuals with a smaller waist circumference, and the strength of the association was attenuated in those with larger waist circumferences (P for interaction = 0.01). The ORs (95% CI) for risk of nonfatal MI for the APOC3*222 haplotype compared with the wildtype APOC3*111 within each quintile of waist circumference were as follows: Abdominal obesity is a major determinant of insulin resistance. We therefore examined whether increasing concentrations of fasting plasma glucose, as occurs in insulin resistance, would have similar effects to those found for waist circumference on the association between the APOC3*222 haplotype and risk of non-fatal MI. The ORs for the risk of nonfatal MI for the APOC3*222 haplotype, compared with the APOC3*111 haplotype, within quintiles of fasting glucose concentration are shown in Figure 1B Table S1 under "Supplemental data" in the online issue).
The highest quintiles of abdominal obesity were 104 cm in men and 97.7 cm in women compared with the lowest quintiles of 80.4 and 74.2 cm, respectively. Compared with subjects in the lowest quintile, those in the highest quintile were more likely to be diabetic (23.1% compared with 6.1%) and to be taking glucose-lowering medications (26.1% compared with 11.8%). The highest quintile of fasting glucose was 111 mg/dL. Forty-seven percent of the subjects in this top category were diabetic, and 46.2% were taking glucoselowering medications.
To test whether the interaction between waist circumference or fasting glucose level and the APOC3*222 haplotype on the risk of nonfatal MI could be explained by the action of this haplotype on APOC3 gene expression, we measured the plasma concentration of apo C-III in a group of 300 control subjects. Overall, the apo C-III concentration was higher in individuals with the APOC3*222 haplotype than in homozygotes for the wild-type APOC3*111 haplotype (20.5 ± 0.8 compared with 17.7 ± 0.6 mg/dL, respectively; P = 0.01). These concentrations corresponded to an overall 15% (95% CI: 2%, 29%) higher apo C-III concentration in individuals with the APOC3*222 haplotype than in those homozygous for the wild-type APOC3*111 haplotype. The percentage differences in apo C-III concentrations for each one-copy increase in the APOC3*222 haplotype compared with the APOC3*111 haplotype, within each quartile of waist circumference, are shown in Figure 2 . The percentage difference in apo C-III concentrations was larger in individuals with a smaller waist circumference than in those with a larger waist circumference: 37% for the first, -3% for the second, 11% for the third, and 10% for the fourth quartile (P for interaction = 0.03); the corresponding differences in apo C-III concentrations were 5.8 ± 1.8 mg/dL for the first, -0.6 ± 1.5 mg/dL for the second, 2.0 ± 1.0 mg/dL for the third, and 1.8 ± 1.4 mg/dL for the fourth quartile. Least-squares mean apo C-III concentrations in the first quartile of waist circumference for homozygotes of the APOC3*111 haplotype and carriers of the APOC3*222 haplo-type, respectively, were 16.6 ± 1.5 and 21.3 ± 2.1 mg/dL; in the second quartile were 17.6 ± 1.4 and 17.4 ± 1.3 mg/dL, respectively; in the third quartile were 17.5 ± 1.6 and 22.9 ± 1.3 mg/dL, respectively; and in the fourth quartile were 18.7 ± 1.7 and 21.3 ± 2.1 mg/dL, respectively.
As shown in Figure 2B , a similar pattern was observed when the analysis was conduced using quartiles of fasting glucose. Compared with the APOC3*111 haplotype, each onecopy increase in the APOC3*222 haplotype was associated with an 18% (or 3.3 mg/dL) higher apo C-III concentration in individuals in the lowest quartile of fasting glucose. In contrast, this difference was only 5% (or 0.8 mg/dL) in the highest quartile of fasting glucose (P for interaction = 0.04).
DISCUSSION
Genetic variation in the APOC3 gene, particularly in the promoter region, is associated with an increased risk of CHD (13, (15) (16) (17) 26) . However, the mechanisms underlying this association are unknown. One hypothesis is that mutations in an IRE of the APOC3 promoter cause a decrease in insulin down-regulation of APOC3 expression (12) . This increases the secretion into plasma of VLDL that contains apo C-III, an atherogenic lipoprotein. If true, the status of insulin resistance could modify the effect of variation in the APOC3 promoter on CHD risk. We found that abdominal obesity and fasting hyperglycemia, surrogates for insulin resistance in this population, do indeed interact with the common APOC3*222 haplotype, which confers a higher risk of nonfatal MI in the Costa Rican population (17) . The APOC3*222 haplotype is associated with the risk of nonfatal MI in leaner individuals and in those with a low fasting glucose concentration, but not in those with high abdominal obesity or a high fasting glucose concentration. The APOC3*222 haplotype was shown to be associated with a higher plasma apo C-III concentration only in leaner individuals or in those with a lower fasting glucose concentration and not in those with abdominal obesity or with a high fasting glucose concentration. These observations suggest that the effect of APOC3*222 haplotype on plasma apo C-III concentrations and on the risk of nonfatal MI is dependent on normal insulin sensitivity in hepatocytes that produce apo C-III.
The association between APOC3 genetic variation and risk of CHD has not been consistently replicated (13, 15, 27, 28) . Although some studies have found that persons homozygous for the minor allele of the -455 site have a higher risk of CHD than do those homozygous for the major allele (13, 15) , others have found no such association with the highly linked -482 and SstI sites (27, 28) . If the effect of APOC3 promoter polymorphisms on CHD risk is mediated through overexpression of the APOC3 gene, the present results suggest that this effect is mostly present in situations of adequate insulin sensitivity and disappear in conditions of insulin resistance. For example, it has been found that APOC3 promoter variation does not affect triacylglycerol concentrations in diabetic subjects (11) .
The APOC3*222 haplotype was not associated with the risk of nonfatal MI in the highest quintile of abdominal obesity. The highest quintile of abdominal obesity (104 cm in men and 97.7 in women) in this study was higher than the cutoff used to define the presence of the metabolic syndrome in men (>102 cm) and women (>88 cm) (29). Thus, a considerable level of insulin resistance should be present in these individuals, as suggested by the higher fasting glucose concentration and prevalence of self-reported type 2 diabetes. This genetic interaction led us to propose a molecular mechanism by which insulin affects APOC3 expression.
We hypothesize that the regulation of APOC3 expression by insulin involves a repressor, and that it is similar to the regulation of the glucose-6-phosphatase (GP6ase) catalytic subunit gene. Nuclear factors that act as repressors are the endogenous mediators of GP6ase gene expression by insulin (30) (31) (32) . For example, deletion of the GP6ase promoter IREs results in overexpression of a GP6ase fusion gene in HepG2 cells (31) . The GP6ase and APOC3 genes are both down-regulated in response to insulin (12, 33) . These 2 genes also have mutations in the IREs that result in their overexpression (12, 31) . The alternate hypothesis would be that an activator such as the nuclear transcription factor Fork-head box O1 (FoxO1) would be involved (34) . FoxO1, a protein that is bound to DNA in the absence of insulin, can stimulate APOC3 expression in hepatocytes. Transgenic mice overexpressing FoxO1 have higher plasma apo C-III and triacylglycerol concentrations (34) . However, in a more recent study, overexpression of FoxO1 was not associated with increased APOC3 expression in the liver of transgenic mice or in isolated hepatocytes (35) . Also, variants of the APOC3-IRE that are associated with higher APOC3 gene expression (12) and plasma apo C-III concentrations (the present study and that of Tilly et al; 14) reduce the affinity of the IRE to DNA-binding proteins (12, 18) . If an activator such as FoxO1 were responsible for the expression of APOC3 in response to insulin, mutations in the IRE that reduce the binding affinity of FoxO1 would reduce APOC3 expression. Thus, it is more likely and consistent with our finding that APOC3*222 affects the binding of a repressor. We propose a model in which the major factor mediating the effect of insulin on APOC3 expression is a repressor (Figure 3) . According to this model, in the absence of insulin, the transcriptional machinery is bound to the APOC3 promoter, and APOC3-mRNA is synthesized. Insulin in lean individuals who have good insulin sensitivity will activate the repressor that binds to the wild-type IRE, displaces the transcriptional machinery, and suppresses the transcription of the APOC3 gene (Figure 3; pathway 1 ). In contrast, the repressor would be unable to bind to the mutant IRE, APOC3 transcription would not be suppressed, and the plasma concentration of apo C-III and the CHD risk will increase (pathway 2). It is possible that the phosphatidylinositol 3′-kinase pathway, which mediates the insulin inhibition of GP6ase transcription (36) , is involved in the repression of APOC3 expression by insulin. A different scenario would be observed in individuals with abdominal obesity or insulin resistance. In this setting, proinflammatory cytokines such as tumor necrosis factor-α block the phosphatidylinositol 3′-kinase pathway through the inhibition of the upstream protein insulin-receptor substrate 1 (19, 20) . As a result, downstream insulin action would be blocked and APOC3 gene expression, the plasma apo C-III concentration, and the risk of CHD would increase regardless of the presence of mutations in the IRE (pathways 3 and 4).
In summary, the effect of the APOC3*222 haplotype on the risk of nonfatal MI was only evident in lean normoglycemic subjects. Our results support the hypothesis that genetic variation in the APOC3 promoter leads to overexpression of the APOC3 gene because of the loss of insulin down-regulation. An important conclusion from the present analysis is that the effect of APOC3 promoter variation on nonfatal MI risk is larger in conditions of adequate insulin sensitivity. In a state of insulin resistance, for example, because of the presence of abdominal obesity, the APOC3 gene would be overexpressed regardless of the presence of mutations in the promoter. In this last case, the APOC3*222 haplotype would not confer additional nonfatal MI risk.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
FIGURE 1.
Odds ratios (ORs) and 95% CIs for the risk of nonfatal myocardial infarction (MI) for the APOC3*222 haplotype within quintiles of waist circumference (A) and quintiles of fasting glucose concentrations (B). ORs for the risk of nonfatal MI for the APOC3*222 haplotype were estimated by using the wild-type APOC3*111 within each quintile of waist circumference or fasting glucose concentration as the reference (n = 1703 case-control pairs). ORs and 95% CIs were estimated by using conditional logistic regression models adjusted for hip circumference, physical activity, smoking, income, alcohol consumption, and history of hypertension. Linear regression of the ORs on the median values of waist circumference and fasting glucose is shown. Interactions were assessed with a likelihood ratio test that compared logistic models with and without interaction terms. Percentage difference in plasma apolipoprotein (apo) C-III concentrations between the APOC3*222 haplotype and the APOC3*111 haplotype by quartiles of waist circumference (A) and quartiles of fasting glucose concentrations (B). Percentage differences (+SEM) for apo C-III concentrations were estimated in 300 control subjects using as reference the APOC3*111 haplotype within each quartile of waist circumference or the fasting glucose concentration. Mean plasma apo C-III concentrations were adjusted for age, sex, area of residence, physical activity, and hip circumference by using general linear models. Interactions were assessed with a likelihood ratio test that compared models with and without interaction terms. Model of inhibition by insulin of APOC3 transcription and modulation by abdominal obesity. A repressor rather than an activator mediates the action of insulin over APOC3 gene expression (pathway 1). In the absence of insulin, the transcriptional machinery (TM) is bound to the APOC3-promoter, which results in the transcription of APOC3-mRNA. In conditions of good insulin sensitivity, for example in lean individuals, the activated repressor is unable to bind to the mutant-type insulin response element (IRE), and the TM remains bound to the APOC3-promoter and results in overexpression of the APOC3 gene (pathway 2). In conditions of insulin resistance, for example in obese individuals, the repressor fails to be activated, and the TM remains bound to the APOC3-promoter and results in overexpression of the APOC3 gene regardless of the presence of mutations in the APOC3-IRE (pathways 3 and 4). IL, interleukin; TNF-α, tumor necrosis factor-α; TNFR, tumor necrosis factor receptor; JNK, jun N-terminal kinase; IRS-1, insulin receptor substrate-1; PI3K, phosphatidylinositol 3′-kinase.
